T he past 25 years have heralded a renaissance of transformative research on prostate cancer. Inspired by patient-advocacy groups, increases in government and private funding of research, and greater awareness of the disease, an influx of talented researchers entered the field of prostate cancer research, often from other fields. These researchers have spearheaded important advances, including sophisticated genomic analyses and the development of second-generation, more effective, anti-androgen therapies. As a result, there has been a sustained burst of key findings that have shaped our current understanding of the disease and its treatment.
Worldwide, prostate cancer is the second most commonly diagnosed nonskin cancer, with an estimated 1.3 million new cases in 2018 (Bray et al. 2018) . Among American men, prostate cancer represents the most frequently diagnosed cancer, with an estimate of more than 164,000 new cases in 2018, and represents the second leading cause of cancer death, with more than 29,000 deaths ). On average, one in nine American men will receive a diagnosis of prostate cancer during their lifetime ). These statistics underscore the health impact of prostate cancer as a disease entity and justify continuing research into its etiology and treatment.
Recent advances in prostate cancer research have brought the field to an important crossroad, at a nexus where basic and translational findings have begun to make significant impacts in the clinic. Consequently, we have assembled a distinguished panel of active investigators to provide an overview of the exciting developments that are occurring at the frontlines of nearly every area of prostate cancer research. Our ambitious goal is to survey the current state of basic and translational research in prostate cancer and to outline future directions for the field. Below, we introduce several of the primary questions that will be addressed in this collection.
WHY IS THE PROSTATE A TARGET OF ONCOGENIC TRANSFORMATION?
Despite the prevalence of prostate cancer, it remains unclear why this walnut-sized tissue of unremarkable appearance should represent a potent target of oncogenic transformation. The human prostate is a secondary sexual tissue that is highly regulated by androgens, yet other tissues with similar features languish in obscurity. Why should the prostate be different from neighboring tissues such as the seminal vesicle and ampullary glands?
Clues to the possible significance of the prostate as a major site for human cancer may lie in its developmental origins. The prostate is an endodermal tissue that arises from the primitive urogenital sinus, which itself represents a caudal extension of the hindgut. Thus, the bladder and prostate represent the most posterior of the tissues that develop from the gut endoderm. In this regard, the prostate is part of a continuum of tissues generated along the anterior-posterior extent of the gut tube, most of which correspond to important sites of human cancer (e.g., lung, liver, pancreas, and colorectal). In contrast, several other tissues of the male reproductive system such as the seminal vesicle are not of endodermal origin but instead arise from a distinct embryonic germ layer-namely, the mesoderm-and thus might be intrinsically more resistant to oncogenic transformation.
Classical studies by the Cunha laboratory, starting in the 1970s, began to elucidate the processes by which the prostate is induced to form from the urogenital sinus (Cunha et al. 1987) . These studies used tissue recombination approaches in which epithelial and mesenchymal components of developing tissues could be dissociated and reassembled in grafts. Interestingly, these studies showed that the identity of many urogenital tissues including the prostate is primarily specified by the mesenchyme, not by the epithelium. Thus, the stromal components of urogenital tissues also play a key role in determining whether they represent a target of oncogenic transformation.
Another feature of the prostate that is notable in the context of oncogenic transformation is its relative growth quiescence. Notably, prostate epithelial cells rarely undergo cell division during normal tissue homeostasis, and thus might seem to represent unlikely targets for oncogenic transformation. However, the growth quiescence of prostate epithelium can be rapidly altered by tissue injury or inflammation due to infection ( prostatitis), leading to its rapid proliferation as well as altered specification of epithelial cell types (Kwon et al. 2014; Toivanen et al. 2016) . Thus, enhanced understanding of stem cell properties, prostate organogenesis, and stromal-epithelial interactions are all likely to be relevant for prostate cancer etiology.
HOW DOES ANDROGEN SIGNALING REGULATE KEY FEATURES OF PROSTATE TUMORIGENESIS?
The seminal work of Huggins and Hodges in the 1940s introduced androgen-deprivation therapy, thereby changing the treatment landscape for prostate cancer. In the subsequent decades, many studies have shown that androgen signaling plays a key role in nearly every aspect of prostate development, function, and oncogenic transformation. A wealth of mechanistic detail at the molecular level has been uncovered to describe how androgen receptor (AR), a member of the nuclear receptor superfamily, interacts with other transcriptional regulators to regulate key properties of the prostate, and how these interactions are disrupted by androgen withdrawal.
Nonetheless, following androgen-deprivation therapy, prostate cancer invariably will recur, despite the lack of circulating androgens. For many decades, this relapsed form of prostate cancer was termed "androgen-independent," as it was thought to persist in the near absence of androgens. However, several groups discovered that this was a misnomer, as a significant proportion of "androgen-independent" prostate tumors were capable of de novo androgen biosynthesis and thus were not independent of androgens at all (Mostaghel et al. 2007; Locke et al. 2008; Montgomery et al. 2008) . Moreover, key findings made by Sawyers and colleagues showed that the primary feature of "androgenindependence" in prostate tumor xenografts was increased AR expression (Chen et al. 2004 ). These and other findings underscored that the diversity of molecular mechanisms leading to "androgen independence" of prostate tumors had as their common feature the up-regulation of AR pathway activity. For example, such molecular mechanisms include AR amplification, activating mutations of AR, and expression of novel AR splice variants (Antonarakis et al. 2014; Miyamoto et al. 2015) . Consequently, a new terminology of "castration resistance" was Cite this article as Cold Spring Harb Perspect Med doi: 10.1101/cshperspect.a036277
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introduced to replace the former "androgen-independent" nomenclature, and we now refer to castration-resistant prostate cancer (CRPC) as emerging after androgen-deprivation therapy.
These key insights into the mechanisms of castration resistance have led to the development of improved pharmacological agents for targeting androgen biosynthesis and AR function, including abiraterone and enzalutamide (Ang et al. 2009; Tran et al. 2009 ). The introduction of these second-generation anti-androgens has had a major impact on clinical practice and has improved patient outcomes. However, prostate tumors will also become resistant to these anti-androgen agents, and the molecular mechanisms that underlie this second-generation CRPC represent a topic of many ongoing studies. In contrast with "first-generation" CRPC, these new forms of CRPC often result in prostate tumors that are AR-indifferent and thus can be considered AR-independent. These AR-indifferent CRPC variants often display unusual pathological features, such as neuroendocrine differentiation, which are associated with aggressive tumor phenotypes (Beltran et al. 2011) .
Consequently, the molecular basis for neuroendocrine differentiation and other forms of cellular plasticity in CRPC represents the subject of intense investigation Mu et al. 2017; Zou et al. 2017) . The role of epigenetic alterations in modulating tumor plasticity is of particular interest, because epigenetic regulators may represent attractive druggable targets. More generally, greater understanding of the lineage hierarchy in prostate tumors and clonal evolution in response to therapy will be essential for the effective treatment of CRPC.
WHAT ARE THE KEY GENETIC AND EPIGENETIC EVENTS THAT PROMOTE PROSTATE CANCER PROGRESSION?
In recent years, extensive progress has been made in genomic analyses that have described the mutational spectrum of prostate cancer, including large-scale studies supported by The Cancer Genome Anatomy project (TCGA) and by Stand Up to Cancer (SU2C) (Cancer Genome Atlas Research Network 2015; Robinson et al. 2015) . In particular, these studies have highlighted the particular importance of copy number alterations and chromosomal rearrangements in driving prostate cancer tumorigenesis, and it is evident that the levels of copy number alterations are associated with tumor recurrence and cancer-specific mortality (Hieronymus et al. 2018) . Notably, unlike most other solid tumors, prostate cancer initiation and early stages of progression do not generally feature frequently recurring mutations in oncogenes and tumor suppressors. For example, the most frequently mutated genes in primary prostate tumors are SPOP at ∼10% and TP53 at ∼12% (Barbieri et al. 2012; Blattner et al. 2014; Robinson et al. 2015; Armenia et al. 2018) . Only in CRPC and metastatic prostate cancer do the frequencies of recurrently mutated genes rise to levels that would be typical of other solid tumors. However, why prostate cancer differs from other solid tumor types in this key regard is still poorly understood.
Given these findings, the origins of genomic instability in prostate cancer is of considerable interest. The molecular mechanisms of phenomena such as chromoplexy and chromothripsis that give rise to widespread genomic rearrangements are also highly relevant for understanding prostate tumorigenesis. One key mechanism that drives chromosomal rearrangements is the activity of AR, which can promote DNA breaks at cognate binding sites and is believed to play a central role in the formation of the TMPRSS2-ERG rearrangement, which occurs in ∼50% of prostate adenocarcinomas (Tomlins et al. 2005) .
The relative absence of mutations in key driving oncogenes and tumor suppressors during prostate cancer initiation is also relevant for understanding the origin of precursor stages of prostate cancer, notably prostate intraepithelial neoplasia (PIN) and prostate inflammatory atrophy (PIA). How these preneoplastic states arise from the normal prostate epithelium is of fundamental interest and may relate to central questions such as the cell type of origin as well as the distinction between indolent and aggressive forms of prostate adenocarcinoma.
WHAT ARE THE FACTORS THAT DETERMINE SUSCEPTIBILITY TO PROSTATE CANCER?
There has been an increasing appreciation that the epidemiology of prostate cancer needs to be understood in the context of germline genetics and ethnic disparities. It has long been known that prostate cancer is one of the most heritable solid tumors, which has led to a multitude of studies searching for "prostate cancer genes." However, the results of many genome-wide association studies (GWASs) suggest that a large number of risk variants contribute to the overall risk of prostate cancer, although variants responsible for aggressive disease have been less welldefined.
Issues related to ethnic disparities are also important for understanding the epidemiology of prostate cancer. Access to health care is not equitably distributed in many countries, and attitudes toward health care can differ widely as a result of cultural and economic factors. These nongenetic factors are important to take into account when trying to understand variation in the incidence and severity of prostate cancer in specific ethnic groups. Notably, why do African-American men have more aggressive prostate cancer? To date, genomic studies alone are unable to explain this important disparity (Huang et al. 2017) , and it is likely that a complex mix of factors involving genetics and access to high-quality health care play key roles.
HOW CAN PROSTATE CANCER DETECTION AND TREATMENT BE IMPROVED?
Future avenues for improvement of prostate cancer detection and treatment are complex because of several key unresolved issues. In particular, the introduction of testing for prostatespecific antigen (PSA) revolutionized the early detection of prostate cancer, yet has also generated long-lasting controversy about its efficacy in reducing deaths due to prostate cancer (Andriole et al. 2009; Schroder et al. 2009; Shoag et al. 2016; Hu et al. 2017; US Preventive Services Task Force et al. 2018) . The majority of patients with localized prostate cancer have indolent disease that can be effectively managed by active surveillance protocols, but the accurate identification of patients with aggressive prostate cancer at earlier stages of progression has remained a difficult problem. Although PSA testing is highly effective in identifying prostate cancer, it has been less successful at distinguishing between indolent versus aggressive disease. Notably, even with the advent of sophisticated molecular tests, the ability of a skilled pathologist to interpret prostate tumor histopathology still represents the gold standard for diagnosis of aggressive prostate cancer.
Because of the widespread use of PSA testing and the limitations of this biomarker, localized prostate cancer has been overtreated in Western societies. Decreasing overtreatment would have important benefits for patient quality of life by reducing the morbidity associated with treatment. To help address this problem, a number of biomarker panels have been developed that attempt to distinguish indolent from aggressive tumors, with varying degrees of success. Clearly, the identification and validation of accurate and informative biomarkers remains an important area of continuing study.
Chemoprevention has long been considered as an attractive strategy to reduce prostate cancer incidence and/or severity. Notably, the 5α-reductase inhibitor finasteride acts as a mild anti-androgen and has been viewed as a potential means for decreasing risk of prostate cancer progression (Thompson et al. 2003) . However, the mixed results obtained from this large study diminished enthusiasm for finasteride as a chemopreventive agent. To some extent, these and other studies also dampened the general appeal of prostate cancer chemoprevention, because validation of effective agents requires extremely large and expensive trials with long follow-up to show potentially modest benefits. Nonetheless, the importance of chemoprevention strategies should not be understated, particularly for advanced disease, because the most efficient way to address metastatic or lethal prostate cancer is to suppress its formation in the first place.
At present, a wide range of strategies are being harnessed to improve prostate cancer treatment. For example, new approaches for targeted therapy are addressing the combination of epigenetic inhibitors or radiation therapy with the use of current state of the art anti-androgens. In particular, despite initial lack of successes with immunotherapy, new approaches are being developed to incorporate immunotherapy as part of the treatment repertoire. Finally, molecular advances in patient imaging have greatly enhanced the diagnosis and treatment of prostate cancer and are vital for monitoring clinical trials.
HOW CAN RESEARCH INTO PROSTATE CANCER BECOME MORE EFFECTIVE?
Experimental analyses of prostate cancer have long been hampered by the relative lack of cell lines that recapitulate the different stages of the disease. Until recently, most studies of prostate cancer have used the same handful of cell lines that have idiosyncratic features that may not be representative for modeling many aspects of prostate cancer. Thus, the advent of sophisticated three-dimensional cell culture approaches to generate organoid models of prostate cancer has provided exciting new approaches for studying prostate cancer in the laboratory (Chua et al. 2014; Karthaus et al. 2014) . To date, however, human prostate tumor organoid lines have only been established from metastatic CRPC, and not yet from primary tumors, which may limit the general applicability of this approach Puca et al. 2018 ). In addition, further advances are needed in the development of cell culture models that accurately reflect human prostate cancer, including models with intact immune systems that can be used to study tumor-immune interactions.
Advances in genetically engineered mouse models have led to accurate modeling of multiple facets of prostate tumor initiation and progression. Such studies invariably confront the issue of whether mouse models can accurately reflect human prostate cancer, or at least specific features of human prostate tumors (Ittmann et al. 2013) . At the molecular level, it is now evident that genetically engineered mice can indeed model key aspects of regulatory interactions and signaling pathways that are fundamental for human prostate tumorigenesis (Aytes et al. 2014) . Thus, numerous studies have exploited cross-species approaches to elucidate central and conserved mechanisms that underlie prostate cancer.
Furthermore, the ability to analyze drug response of genetically engineered mouse models has already led to substantial efforts to create a "mouse hospital" for coclinical analyses of drug response, with initially promising results (Clohessy and Pandolfi 2015). As a complementary approach, the establishment of many novel patient-derived xenograft lines also provides opportunities for studying prostate cancer progression and drug response. However, the limitations of mouse models in terms of potential species-specific differences in physiology and pharmacokinetics, as well as basic anatomical differences between the structure of the rodent and human prostate, remain formidable challenges for the implementation of coclinical studies involving mouse models.
AT THE CROSSROADS-A TIME TO REFLECT Despite the wealth of new technologies that have been brought to bear on prostate cancer, many significant challenges remain. Thus, we believe that this is a timely moment to step back and contemplate the progress that the field has made, and what future directions seem most promising to pursue. We hope that the readers of this collection find this survey of the field inspires further efforts and share our appreciation for the outstanding accomplishments made by the dedicated scientists and clinicians who pursue research on prostate cancer.
